The deoxyribonucleic acid (DNA) of T-even bacteriophages is unusual in that it contains hydroxymethylcytosine (HMC) in place of the normal cytosine. These HMC residues are glucosylated by phage-induced glucosyl transferases which employ bacterial uridine diphosphoglucose (UDPG) as glucosyl donor. Bacterial mutants lacking UDPG produce nonglucosylated progeny phage (T* phage) when infected with T2, T4, or T6 (7, 16, 26, 29) . Phage mutants (Tgt phage) that cannot induce glucosyl tranferases are nonglucosylated whether or not the host provides UDPG (12, 25) .
This and the following paper (6) are concerned with the conditional lethality that loss of glucosylation confers upon T-even phages. Nonglucosylated phage are restricted in their ability to induce successful infection of Escherichia coli B. The DNA of such phages, upon injection into strain B, does not successfully direct the synthesis of progeny phage and is partially broken down to acid-soluble products (10, 15) . Like T2 ghosts, T2gt kill only one-third of the bacteria to which they adsorb; yet, like intact T2, they induce early enzymes (albeit at a lower level; see 17) .
It had been suggested that endonuclease I is responsible for hydrolysis of T* DNA during restriction (10, 22) . However, recent experiments have shown that both endonuclease I-deficient mutants (6, 24, 30) Ph.D. Thesis, Indiana Univ., Bloomington, 1967) are fully restrictive. In addition, nonrestricting strains are found to contain normal levels of endonuclease I (6, 24) . The accompanying paper (6) shows that exonucleases I, II, and III are also found in normal levels in nonrestricting bacteria.
The initial lesion in restriction, therefore, does not appear to be catalyzed by any of the wellcharacterized deoxyribonucleases of E. coli (19) . We have also examined another set of nucleases found in the T-even-infected cell, those nucleases controlled by T4 genes 46 and 47 which are active in the breakdown of host DNA (34) . It was found that restriction occurs in the absence of gene 46 and 47 function.
MATERIALS AND METHODS Bacteria. The bacterial strains used in this study are listed in Table 1 .
Bacteriophages. All T2 strains used were derivatives of an rI mutant of T2L. T*2 was made by several cycles of growth on MT2002 or MT1 102. The glucosyl transferaseless mutant, T2gt, was isolated by plating hydroxylamine-treated (28) T2 on a double indicator composed of Rst-and Rst+ bacteria and selecting turbid plaques (25) . T4tsL109 and T4tsL86, temperature-sensitive mutants of T4D in genes 46 and 47, respectively, were obtained from 0. Skold. The double mutant T4tsL86L109 was isolated according to the method of Wiberg (34) . T4rII638 is a deletion mutant for the entire rIlB cistron, obtained from S. Benzer; T*4r11638 was grown on W4597. stocks at 101l phage per ml. Endonuclease I preparation. The enzyme was prepared as the crude supernatant fraction after centrifugation of spheroplasts made by the lysozyme-ethylenediaminetetraacetate (EDTA) method of Guthrie and Sinsheimer (14) . Endonuclease I is released quantitatively by this treatment (5, 23) . Spheroplast supernatant fluids were dialyzed in the cold against two changes of 100 volumes 0.15 M tris(hydroxymethyl)-aminomethane (Tris)-buffered saline (pH 8) to remove sucrose and EDTA.
Endonuclease I assay. Assay specificity depends upon the inhibition of endonuclease I by soluble ribonucleic acid (20) and loss of 4X174 DNA infectivity through endonucleolytic conversion of circles to linear molecules (8) . Crude extracts displayed no activity against 4X174 DNA until pretreated with ribonuclease I (see control curve, Fig.  3 ). For the assay, 0.03 ml of 10 mg/ml ribonuclease I (Worthington Biochemicals Corp., Freehold, N. J.) was incubated with 3 ml of dialyzed spheroplast supernatant fluid for 30 min at 37 C. Of the resultant preparation, 0.2 ml was added to 1.8 ml of OX174 DNA (101" phage equivalents per ml) at 37 C, and 0.4-ml portions were removed at timed intervals to 0.4 ml of MT2001 spheroplasts. After 10-min incubation at 37 C, 3.2 ml of prewarmed PAM (14) was added, incubation was continued for 5 min, and the resulting infectious centers were assayed on MT2001. Controls consisted of (i) untreated OX174 DNA plus spheroplasts, (ii) OX174 DNA plus untreated spheroplast supernatant fluid plus spheroplasts, and (iii) OX174 DNA plus 10 ,ug/ml of ribonuclease I plus spheroplasts.
Breakdown of ultraviolet-irradiated 32P-labeled T*2 DNA. MT1102 grown in Tris-glucose medium (18) supplemented with 2.5 juc/ml of inorganic 32p (Nuclear Science and Engineering, Pittsburgh, Pa.) was infected with T2. The crude T*2 lysate was purified by dialysis and diethylaminoethyl-cellulose chromatography and was irradiated at 40 cm from a Westinghouse Sterilamp for 4 min to give 100 lethal hits. The phage were then adsorbed to 3 ml of MT1100 or MT1101 in T2 adsorption buffer at an input ratio of 1.0. After 3 min, the infected cells were sedimented, washed in cold adsorption buffer (without chloramphenicol), and resuspended in 1 ml of cold adsorption buffer (without chloramphenicol). The suspension was brought to 37 C and diluted with 2 ml of 37 C 3XD (time-zero). Samples (0.5 ml) were Luria (21) has shown that the fraction of T*2 restricted upon infection of a Rst+ strain depends on the physiological state of the host. The dependence of restriction in MT1100 on growth state is shown in Fig. 1 . Restriction of T*2 decreases 1,000-fold as cells enter stationary phase. Upon dilution into prewarmed medium, complete restriction is restored during the lag before cells regain exponential growth. This loss of restriction for T*2 during the stationary phase suggested the involvement of endonuclease I, Effect of aging on restriction of MTl100 for T*2. An exponential culture of MTII00 was diluted to 107 cells/ml in 3XD at 37 C, and 2-ml samples were withdrawn at various times for determination of total cell count and yielder frequency (infectious centers per infected cell) for 108 T*2 per ml. At 6 hr (stationary phase), the culture was diluted 20-fold into fresh 3XD at 37 C (broken line). Symbols: 0 = total cell count; 0 = yielder frequency for T*2.
since the specific activity of this enzyme decreases markedly in the stationary phase (27) .
Endonuclease I levels of four strains of E. coli, each with a unique level of restriction for T*2, were examined to detremine whether a significant correlation does indeed exist between this enzyme and restriction. Since restriction depends upon growth state (Fig. 1) , yielder frequencies of these four strains are presented as a function of growth state (Fig. 2) . The C strain MT2001 is phenotypically Rst-whereas B strains MT1500, MT1501, and MT1502 are Rst+, but with three distinct patterns of restriction which vary over 100-fold in exponential-phase cells. If endonuclease I were the restricting factor, then a hierachy of endonuclease I levels, MT1502 > MT1500 > MT1501 > MT2001, would be expected. No such hierachy of endonuclease I levels was found in extracts of exponential-phase cells (Fig. 3) .
Endonuclease I-deficient mutants have been found to retain restriction for nonglucosylated Teven phages (6, 24, 30 be expected to occur rather early in stationary phase dnsA-cells, resulting in an earlier loss of restriction than seen in aging dnsA+ bacteria. However, cultures of dnsA-and dnsA+ cells were found to lose restriction upon aging, and to regain it upon dilution, with identical kinetics (data not shown). It was concluded that the level of endonuclease I is unimportant in restriction of nonglucosylated T-even phage.
T-even-induced nucleases. Two experiments have been conducted to assess the role of T-eveninduced nucleases in restriction, since restriction could be a "self-digestion" occurring when T-even DNA has lost its protection (glucosylation) against enzymes active in degrading host DNA.
The first experiment examined breakdown of 32P-labeled T*2 DNA which had been heavily irradiated with ultraviolet light. Each particle was subjected to an average of 100 lethal hits to preclude phage-specific enzyme synthesis during infection. Figure 4 shows that the DNA of such particles was broken down to acid-soluble products upon infection of MT1100 (rst+), whereas much less breakdown occurred with the rstmutant MT1101. These results indicate that phage-induced enzymes are not involved in the breakdown of T* DNA.
Genes 46 and 47 in phage T4 control nucleases which catalyze the breakdown of bacterial DNA during T4 infection (34) . For a direct measure of involvement in restriction of the nucleases con- Breakdown of ultraviolet-inactivated T*2. MTII00 (rst+) and MTII0O (rst-) were infected at time-zero with 32P-labeled T*2 which had sustained over 100 lethal ultraviolet hits. Symbols: * = MTI 100; O = MTI101.
trolled by genes 46 and 47, a double temperaturesensitive mutant, T4tsL86L109, was isolated from a cross between T4tsL86 (ts mutation in gene 47) and T4tsL109 (ts mutation in gene 46). The double mutant was then grown for one cycle on a galU-host, W4597, resulting in the formation of T*4tsL86L109. If the nucleases controlled by genes 46 and 47 are active in restriction, the nonglucosylated double ts mutant should not be restricted on a Rst+ strain at the nonpermissive temperature. It is shown in Table 2 that restriction occurred normally in strain MT1100 at 42 C. Thus, we concluded that the nucleases controlled by genes 46 and 47 are not involved in restriction of nonglucosylated T-even phages.
DISCUSSION
The findings that dnsA-mutants of E. coli B and K-12 restrict nonglucosylated T-even phages (6, 24, 30 ; this report) and that rst-mutants contain wild-type levels of endonuclease I (6, 24; this report) render unlikely the involvement of endonuclease I in the process of restriction. The residuum of endonuclease I in dnsA-mutants does not appear to catalyze restriction, since the kinetics of restriction loss upon entering stationary phase was found to be the same for dnsA-and dnsA+ cells.
None of the three well-characterized exonucleases of E. coli (19) can be implicated in the primary control of restriction (6, 24) . However, these nucleases may act in a secondary fashion to further degrade DNA after restriction has occurred. Such digestion may be responsible for the loss in early enzyme-synthesizing capacity seen in T2gt-infected cells in the absence of protein synthesis (17) .
It is possible that T-even phages have adapted Since T4 mutants lacking endonucleolytic activity have not been identified, the specific effect of these enzymes on restriction has not been assessed. In addition to the ability to induce endoand exonucleases active against host DNA, T4 appears to possess a gene (ex) that controls breakdown of T2 DNA during T2-T4 mixed infection (13) . When 100% glucosylated, T2 is not excluded by the T4 ex gene product, indicating a substrate specificity based on glucosylation. T*4 is unlike T*2 in that it fails to undergo multiplicity activation on rst+ hosts (15) . Also, T*4 is generally more restricted than is T*2 by rst-mutants of E. coli B [6, 24; also, in Table 2 note the low yielder frequency (0.1) of T*4 on MTllOl]. These observations implicate a T4-induced product, perhaps of the ex gene, which acts to restrict T*4, in addition to those restricting factors active during T*2 restriction. Perhaps an efficiency of plating of 1.0 by T*4 on Shigella is due to the loss of synthesis of some phage proteins on this host, specifically those which shut off host syntheses (32) .
Nevertheless, it is presumed that restriction is a host-controlled process since changes in the physiological state of the host cell and loss of gene rst function drastically alter the restrictive response of E. coli B for nonglucosylated T-even phage, and since the breakdown of T* phage which accompanies restriction occurs in the absence of protein synthesis. 
